Introduction
Alkali-earth titanium oxides ATiO 3 (A = Sr, Ba) are important dielectric materials which have been extensively investigated in the last decade, because of their facile synthesis, chemical stability and tunable physical properties. With the continuous demand for miniaturization of multilayered ceramic capacitors, electro-optic devices and dynamic random access (DRAM) ferroelectric memories, the integration of BaTiO 3 -based devices into the new generation of electronic components represents a high priority. In the last decade, solution-based approaches have become popular for the preparation of nanocrystalline BaTiO 3 (BTO) and its strontiumdoped derivatives (BSTO) because of their major advantages over the conventional solid state reactions, namely the high homogeneity and easy control of the particle size/chemical composition of the resulting nanopowders, as well as much lower synthesis temperatures. Thus, BaTiO 3 nanoparticles were synthesized by various aqueous approaches, such as sol-gel, [1] [2] [3] [4] hydrothermal, [5] [6] [7] [8] [9] microwave heating, [10] [11] [12] coprecipitation, 13, 14 microemulsion 15 and thermal decomposition of mixed oxalates, 16, 17 peroxides 18-20 and citrates. 21, 22 However, the use of aqueous-based chemistry for the synthesis of nanocrystalline BaTiO 3 and its strontium-doped derivatives is often hampered by the limited availability of water-soluble Ti precursors as well as the high sensitivity of titanium precursors towards hydrolysis. Consequently, alternative non-aqueous approaches based on the decomposition of organic barium-titanium precursor complexes, 23, 24 polyol 25 and solvothermal 26 syntheses have been proposed for the preparation of high quality BTO and BSTO fine powders. Although the non-aqueous approaches are convenient in terms of availability of suitable titanium sources, lower temperature synthesis, size control and degree of dispersion of the resulting nanopowders, the organic precursors are often expensive, the reproducibility of these reactions is often questionable and their scalability is rather limited. Furthermore, extensive research on the dielectric characteristics of BaTiO 3 nanopowders have shown that they depend on the synergistic effect of various factors, both synthetic and microstructural, including the chemical composition, the agglomeration degree, the surface area, particle/grain size as well as the porosity of the pelletized samples. Among the various structural parameters which control the dielectric properties of BSTO nanopowders the particle (grain) size is crucial. As grain size is reduced, there is a decrease in the tetragonal lattice ratio constant (c/a) for room temperature crystal structures [27] [28] [29] which causes the main issue with categorizing this effect to lie principally in the synthetic methods. Different synthetic techniques and calcination temperatures influence the grain growth, resulting in widely varying ''critical sizes'' of BaTiO 3 . However, while optimization of the values of the dielectric constant can be achieved by rigorous control of the chemical composition and the particle size, only a few papers report on the influence of the crystallite size on the dielectric properties of nanostructured BSTO powders. This work aims at investigating the effect of the annealing temperature and the grain size on the dielectric properties of fine Ba 12x Sr x TiO 3 (0 , x , 1) nanopowders obtained by a simple method, that is the thermal decomposition of barium-strontium-titanyl oxalate intermediates at moderate temperatures.
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Experimental
BSTO nanopowders were prepared by the thermal decomposition of the corresponding barium (strontium)titanyl oxalate complexes. The complex intermediates Ba 12x Sr x TiO(C 2 O 4 ) 2 (0 , x , 1) were synthesized according to a procedure similar to that proposed by Lercher and coworkers. 30 Reagents used in the preparation of the BSTO nanopowders were reagent grade purity Ba(NO 3 were further separated by filtration, washed several times with deionized water and dried overnight at room temperature under vacuum. Identification of the crystalline phases and the phase purity of the nanopowders were performed by X-ray diffraction using a Philips X'Pert Pro MPD system equipped with a curved graphite single-crystal monochromator (Cu Ka radiation). Line profile analysis and estimation of the crystallite size were performed by using the Williamson-Hall methodology 31 from the corresponding XRD patterns recorded in a step scanning mode in the 20-95u 2h range with a step of 0.02u and a counting time of 10 s. The morphology of the nanopowders and their chemical composition were studied by using a JEOL-JSM 5410 scanning electron microscope (SEM), whereas the transmission electron microscopy (TEM) was performed with a JEOL 2010, Supertwin instrument, with point-to-point resolution of 0.23 nm and a line resolution of 0.14 nm. For TEM examination, the colloidal BSTO powders were dispersed in absolute ethanol, sonicated for 15 min and then placed onto carbon coated TEM grids. Investigation of the dielectric properties of the BSTO nanopowders was performed on nanopowders pressed into pellets with an Agilent HP4284A precision LCR analyzer working in the frequency range of 20 Hz-1 MHz with a 10 23 Hz resolution.
Results and discussion
As presented in Scheme 2, two different approaches were used to ascertain the role of the annealing effects on the dielectric properties of the BSTO nanopowders obtained by the thermal decomposition of the mixed oxalate intermediates. Consequently, the results and discussion will be divided into two parts: the first section will detail the structure, morphology and the dielectric properties of the Ba 12x Sr x TiO 3 (0 , x , 1) (BSTO) nanopowders obtained by the decomposition of the barium-strontium-titanyl oxalates at 600 uC (denoted by 1 in Scheme 2). To measure their dielectric properties, the samples were pelletized and subjected to a supplementary annealing at different temperatures ranging from 600 uC to 1000 uC, thereby reducing their porosity level and enhancing the intimate contact between the nanograins.
The second series of nanocrystalline BSTO samples (denoted by 2 in Scheme 2) was obtained by the direct thermal decomposition of the corresponding intermediates at different temperatures, ranging from 600 uC to 1000 uC. Prior to measurement of their dielectric properties, the obtained products were pelletized and subjected to a short annealing in air at 600 uC for 30 min, thus allowing the densification of the pellets and the monitoring of the influence of the crystallite size on their dielectric properties. Unless otherwise stated, the annealing time was for all series of samples 6 h in open atmosphere. Although the investigation of the dielectric properties was performed for the whole compositional range 0 , x , 1 (x = 0; 0.2; 0.4; 0.5; 0.6; 0.8 and 1), for the sake of brevity the discussion will be focused only on Ba 0.5 Sr 0.5 TiO 3 .
For the first series of samples, the structural characteristics of the BSTO nanopowders were found to be similar regardless of the strontium composition and are exemplified by Ba 0.5 Sr 0.5 TiO 3 , which was chosen as a model system.
According to the corresponding XRD pattern, the cubic Ba 0.5 Sr 0.5 TiO 3 powders are single phase and highly crystalline ( Fig. 1) . Additionally, the refined value of the lattice parameter is a = 3.97(1)Å , which is close to the value of a = 3.94Å , reported for bulk BaTiO 3 . 32 Furthermore, careful examination of the (200) peak located at 2h # 45u (inset of Fig. 1 ) reveals its shape symmetry and the absence of splitting, which are indicative of a cubic symmetry of the BaSTO nanopowders. Although our discussion was limited to BaTiO 3 , it is worth mentioning that for all compositions Ba 12x Sr x TiO 3 (0 , x , 1) obtained by annealing of the Ba 12x Sr x TiO(C 2 O 4 ) 2 intermediates, broadening of the (200) reflection was not observed. This result is in agreement with the general observation that the tetragonal distortion becomes less pronounced in fine BaTiO 3 powders as the particle size decreases and the Curie temperature T c decreases accordingly to approach room temperature. [33] [34] However, the ''critical size'', which corresponds to the cubic-tetragonal phase transition in BSTO nanopowders originates mainly from the strain between the grains which, in turn, is strongly dependent on the preparation method.
Electron microscopy was used to investigate the particle/ grain size and morphology of the Ba 12x Sr x TiO 3 nanopowders obtained by the thermal decomposition of the bariumstrontium-titanyl oxalate precursors at 600 uC. Examination of the TEM micrograph of the nanocrystalline Ba 0.5 Sr 0.5 TiO 3 , Fig. 2(a) , reveals that the sample is composed of agglomerated spherical nanoparticles with an estimated average diameter of 120 nm.
Moreover, the selected area electron diffraction pattern (SAED) reveals that individual nanoparticles are single crystalline in nature, possessing a cubic symmetry, in agreement with the results obtained from the X-ray diffraction study (Fig. 2b) . The SEM picture shown in Fig. 2(c) reveals that at the microscale, the agglomerated BSTO nanopowders are composed of well defined spherical, highly uniform grains, with a variable diameter of 1-2 mm possessing irregular surfaces (inset of Fig. 2(c) ).
As previously mentioned, in order to measure their dielectric properties the first series of BSTO nanopowders were pelletized (y48 500 psi) and subjected to a second annealing at different temperatures, ranging between 600-1000 uC, in open air. Fig. 3 shows the variation of the dielectric properties of the as-pelletized BSTO samples as a function of the frequency and the strontium content. Thus, two important trends are observed: (i) the dielectric constant and the loss tangent present their highest values at low frequencies (f = 20 Hz) and then decrease slowly with increasing the frequency ( Fig. 3a and b) and (ii) the dielectric constant decreases monotonically upon the increasing of the strontium content ( Fig. 3c ). For a constant frequency, the values of dielectric constant of the corresponding as-pelletized BSTO samples were found to decrease monotonically with increasing the strontium content from e = 97 for BaTiO 3 to e = 44 for SrTiO 3 .
A similar trend was observed in the case of the loss tangent, that is, it decreases from a value of 0.5 at 20 Hz to a value of 2 6 10 22 at frequencies above 200 kHz. However, the values of the dielectric constant measured for the as-pelletized sample are much lower than the values reported for the corresponding bulk materials, which is presumably due to the high degree of porosity of pelletized samples not subjected to a supplementary annealing. However, it is well known that the dielectric properties of BSTO powders can be considerably enhanced upon thermal treatment principally because of their densification and evolution of the grain boundaries along with the modification of the domain structure and the topography of the crystal defects. 35, 36 To confirm such a trend, the pelletized samples were subjected to a supplementary annealing at temperatures ranging between 600 and 1000 uC for 6 h in air. The dependence of the dielectric constant measured at 20 kHz on the sintering temperature of these pellets is presented in Fig. 4 .
As seen in Fig. 4 , the dielectric constant of the sintered pellets increases almost three times with increasing of the annealing temperature. Thus, the dielectric constant of the BaTiO 3 nanopowders (x = 0) measured at 20 Hz increases slightly from e = 97 for the as-pelletized sample to e 600 = 171 for the pellet annealed at 600 uC, and reaches a maximum of e = 313 for the pellets annealed at 1000 uC. The increase of the dielectric constant with increasing the annealing temperature of the pellets is mainly due to the densification of the samples and the reduction of their porosity. It is worth noting that the strontium content clearly influences the dielectric constant of the nanocrystalline BSTO sample. Consequently, the highest values of the dielectric constant are observed in the case of the samples with the lowest strontium content (x = 0 and x = 0.2) after annealing at 1000 uC. In this case the dielectric constant is almost six times higher than those measured in the case of the pelletized samples which were not subjected to a heat treatment. The samples with an intermediate strontium content (x = 0.4-0.6) show a smaller increase of the dielectric constant with the annealing temperature, where the dielectric constant for the pellet annealed at 1000 uC is almost three times higher than that of the as-prepared pellet.
Finally, for the pellets with the richest strontium content (x = 0.8-1.0) the dielectric constant shows a much lower increase with increasing annealing temperature. However, the measured values of the dielectric constant (e = 310) are lower than the values reported by Ganguli and coworkers 21 for BSTO pellets sintered at 1100 uC (e BaTiO3 = 510 and e SrTiO3 = 170), which can be ascribed to the lower sintering temperature used in our experiments (1000 uC versus 1100 uC), as well as the different synthetic method. In the case of the second series of samples, the oxalate intermediate was heat treated at different temperatures, typically ranging between 600 and 1000 uC, then pelletized, annealed at 600 uC for 30 minutes to reduce their porosity and their dielectric properties measured. Fig. 5 is a 3D plot of the X-ray diffraction patterns of the products obtained by the heat treatment of the oxalate intermediates. Similar to the first series of samples, it can be seen that the annealing process leads to single, highly crystalline phases which can be indexed into a cubic symmetry. The inset of the picture is a close-up of the (200) reflection which also presents no splitting and becomes narrower when increasing the annealing temperature.
The evolution of the crystallite size with the annealing temperature was examined from the corresponding X-ray diffraction pattern for the sample having the chemical composition of B a0.5 Sr 0.5 TiO 3 by using the peak-profile analysis. Correspondingly, the Williamson-Hall plot was used to estimate the crystallite size and the strain of the crystallites:
where B represents the full-width at half maximum (FWHM) of the peak appearing in the XRD pattern at the angle 2h, l is the wavelength (for Cu Ka radiation l = 154056Å ), Dd/d the strain and t the crystallite size. Fig. 6 details the experimental results obtained by using the Williamson-Hall methodology for the Ba 0.5 Sr 0.5 TiO 3 nanopowders obtained by annealing of the oxalate complex at different temperatures for 6 h in air. In Fig. 6(a) is shown the variation of the crystallite size and strain as obtained from the linear interpolation of eqn (1) as a function of the annealing temperature ( Fig. 6b) . Fig. 6a clearly shows that the crystallite size increases uniformly from 32 to 94 nm with increasing the sintering temperature of the complex intermediate. Similarly, the strain Dd/d follows the opposite trend, that is, it decreases from 6000 to y3500. These variations can be assigned to the change in the microstructure of the nanostructured powders during the thermal treatment. As previously shown, during the heat treatment of the carboxylate precursors, they decompose in the temperature range of 460-530 uC. Additionally, from the linear dependence of the dielectric constant of the BSTO nanopowders as a function of the crystallite size ( Fig. 6c ) it becomes clear that the dielectric properties of these nanostructured BSTO powders can be finely tuned through the rigorous control of some of their key structural parameters such as the crystallite size. In Fig. 7 is represented the frequency variation of the dielectric constant of the pelletized Ba 0.5 Sr 0.5 TiO 3 nanopowders. As mentioned before, these samples were obtained by thermal decomposition of the corresponding mixed oxalate intermediates and their dielectric properties were measured at 20 Hz.
As in the case of the first series of samples, the initial values of the dielectric constant present a maximum at low frequencies which decreases gradually with increasing the frequency up to 1 MHz. As for the variation of the dielectric constant with the annealing temperatures, between 600 and 800 uC the increase is small whereas for higher annealing temperatures this increase is observed to a greater extent. Again, the dielectric properties of the Ba 0.5 Sr 0.5 TiO 3 samples were found to depend strongly on their thermal history, that is the dielectric constant increases with increasing the decomposition temperature of the intermediate complex. A comparison of the dielectric properties of BSTO samples obtained by the two different annealing strategies indicates that the dielectric constants of the BSTO samples obtained by direct thermal decomposition of the complex intermediates at temperatures ranging between 600-1000 uC are much higher than those of the samples obtained from the oxalate complex at 600 uC and then annealed at different temperatures in the same temperature range. As an example, the dielectric constant measured at 20 Hz for the Ba 0.5 Sr 0.5 TiO 3 nanopowders obtained by the first annealing strategy after annealing at 1000 uC was about 190, whereas that measured for the sample obtained following the second pathway is 320. Accordingly, we believe that the direct annealing of the complex intermediate without a subsequent heat treatment reduces the porosity of the BSTO nanopowders to a greater extent, thus enhancing their dielectric properties.
Conclusions
In summary, nanostructured BSTO powders with variable composition were prepared by thermal decomposition of the corresponding oxalate complex intermediates and the influence of the thermal history on their dielectric properties was investigated. Subsequently, the annealing effects on the crystallite size and dielectric properties of the resulted nanopowders are described. When the powders were obtained by decomposition of the oxalate complex at 600 uC and then subjected to a supplementary heat treatment at temperatures ranging between 600 and 1000 uC the above results show that the dielectric constant increases with decreasing the strontium composition and with increasing the annealing temperature. The same trend was observed for BSTO samples obtained by a different annealing pathway; that is by directly heating the oxalate complex intermediate at different temperatures ranging between 600 and 1000 uC. However, in this latter case, as exemplified for Ba 0.5 Sr 0.5 TiO 3 nanopowders, the dielectric constant is almost two-fold greater than that of the powders obtained by the two sequential heat treatments. Such a variation of the dielectric properties is conceivably due to major changes in the microstructure of the powders during the heat treatments, that is the increase of the grain size, as well as the reduction of the porosity and the growth and consolidation of the nanograins.
